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ASTRA-STRAHL: the coupled transport codes

1 Fable et al. Plasma Phys. Control. Fusion 55, 074007(2013)
2Dux et al. Nucl. Fusion39, 1509(1999)

3 Peeters. Phys. Plasmas7, 268(2000)
4 Linder et al. Nucl. Fusion60, 096031(2020)

5 Linder et al. J. Plasma Phys. 87, 905870301(2021)
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ASTRA-STRAHL: background plasma evolution with ASTRA

Evolution of plasma quantities ὣthrough macroscopic transport equation1

Poloidal flux ɰ

ÅInfluenced by RE generation

ÅὮprofile flattened duringTQ onset

1 Fable et al. Plasma Phys. Control. Fusion 55, 074007(2013) 2 Linder et al. Nucl. Fusion60, 096031(2020) 3 Linder et al. J. Plasma Phys. 87, 905870301(2021)
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Temperatures Ὕ, Ὕ

ÅOhmic heating

ÅImpurity radiation

ÅElectron-to-ion heat exchange

ÅRapid transport during breakup of 

magnetic surfaces2,3

(more on this later)

Electron density ὲ

ÅFrom quasineutrality

https://doi.org/10.1088/0741-3335/55/7/074007
https://doi.org/10.1088/1741-4326/ab9dcf
https://doi.org/10.1017/S0022377821000416
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ASTRA-STRAHL: impurity evolution with STRAHL

Impurity densities

ÅCharge state resolved

ÅAtomic processes: electron-impact  ionization and recombination (coefficients from ADAS1)

ÅNeoclassical transport from NEOART2

ÅNeutral gas propagationat speed of sound

ÅRapid transport during breakup of magnetic surfaces3,4

(more on this later)

ÅImpurity radiation from line radiation, continuum radiation and ionization losses

1Summers. The ADAS User Manual, version 2.6.
2 Peeters. Phys. Plasmas7, 268(2000)

3 Linder et al. Nucl. Fusion60, 096031(2020)
4 Linder et al. J. Plasma Phys. 87, 905870301(2021)

Evolution of plasma quantities ὣthrough macroscopic transport equation
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https://doi.org/10.1063/1.873812
https://doi.org/10.1088/1741-4326/ab9dcf
https://doi.org/10.1017/S0022377821000416
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ASTRA-STRAHL: Runaway Electron Generation In ASTRA (REGIA)

Evolution of plasma quantities ὣthrough macroscopic transport equation

Runawayelectron current density

ÅRunaway sources Ὓfrom standalone Fortran module

(github.com/o-linder/runawayelectrongeneration)

ÅSeparate populations of RE due to different 

generation mechanisms

ÅAverage velocity ὺ ὧ
ÅNo RE losses

ÅFeed-back on ɰevolution

1 Linder et al. Nucl. Fusion60, 096031(2020) 
2 Connor et al. Nucl. Fusion15, 415(1975)

3Hesslowet al. J. Plasma Phys.85, 475850601(2019)
4 Smith et al. Phys. Plasmas15, 072502(2008)

5Rosenbluth et al. Nucl. Fusion37, 1355(1997) 
6 Hesslowet al. Nucl. Fusion59, 084004(2019) 
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ÅDreicergeneration

ÅClassicalmodel by Connor& Hastie2

ÅCODE neuralnetwork by Hesslowet al3

ÅHot-tail generation

ÅModel by Smith & Verwichte4

ÅAvalanche generation

ÅClassical model by Rosenbluth & Putvinski5

ÅHigh-ὤmodel by Hesslowet al6

ÅNuclear generation: not implemented
(Recall, application to ASDEX Upgrade)

Fortran module1

https://www.github.com/o-linder/runawayelectrongeneration
https://doi.org/10.1088/1741-4326/ab9dcf
https://doi.org/10.1088/0029-5515/15/3/007
https://doi.org/10.1017/S0022377819000874
https://doi.org/10.1063/1.2949692
https://doi.org/10.1088/0029-5515/37/10/I03
https://doi.org/10.1088/1741-4326/ab26c2
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ASTRA-STRAHL: Description of MGI and TQ

Massive gas injection

ÅOutflow from gas valve described by continuity equation1

ÅInward propagation with thermal velocity (for Ar):

ὺ ὝȾά ςτφÍȾÓ

ÅIn AUG: valve opens within 1 ms

ÅIn ASTRA: source located 1 cm outside LCFS

Ÿ 1 msdelay
(no need to model propagation from valve to LCFS)

1Pautassoet al. Nucl. Fusion47, 900(2007) 2 Linder et al. Nucl. Fusion60, 096031(2020) 3 Linder et al. J. Plasma Phys. 87, 905870301(2021)

Break-up of magnetic surfaces / onset of TQ

ÅCold gas front reaches ή ςsurface, triggers

άȟὲ ςȟρMHD modes (+ higher harmonics)

ÅIn experiment:flattens Ὦprofile, drop in ὰ, Ὅspike

ÅIn ASTRA2,3: Ὦflattened when υπat ή ς

ÅAdditional transport: + ὸ + ÅØÐ

(more on the necessity later)

http://dx.doi.org/10.1088/0029-5515/47/8/023
https://doi.org/10.1088/1741-4326/ab9dcf
https://doi.org/10.1017/S0022377821000416
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ASDEX Upgrade runaway electron experiments

MGI in AUG #33108

Å Circular L-mode limiter plasma

Å Low density (σ ρπÍ ), high temperature (ωËÅ6)

Å Central ECRH (ςȢφ-7)

Å Argon injection (πȢχσÂÁÒρππÃÍ ͯχὔ )

Application

Å Used as base case for simulations

Å Similar discharges selected for comparison of simulations 

with experimental trend
(impact of Ὕ)

1 Pautassoet al. Nucl. Fusion55, 033015(2015) 2 Pautassoet al. Plasma Phys. Control. Fusion59, 014046(2017) 3 Pautassoet al. Nucl. Fusion60, 086011(2020)

1-3

https://dx.doi.org/10.1088/0029-5515/55/3/033015
https://dx.doi.org/10.1088/0741-3335/59/1/014046
https://dx.doi.org/10.1088/1741-4326/ab9563
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Simulating ASDEX Upgrade #33108

Key experimental observations reproduced

Å Increase of electron density ὲἭ
Å Decay of plasma current Ὅ

Å Occurrence of TQ

Simulationfeatures

Å Density increase reproduced 

Ÿ current decay reproduced

Å Density increase requires additional transport

Ὀ ρππÍȾÓȟ ὺ ρπππÍȾÓȟ
† ρȢπÍÓ

Å Thermal energy dissipated by impurity radiation

Å Ohmic heating during CQ ᴼprolonged radiation

Å Distinct phases of disruption covered
(pre-TQ, TQ, CQ)

experiment experimentsimulation

simulation

simulation

simulation

experiment

ions

neutrals

maximum

mean
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Runaway electron generation: current evolution

Onset of ArGI Arreaches LCFS Ὦcontraction Ὦcontraction

Steep Ὦgradient Onset of TQ Hot-tail seed established End of TQ & onset of CQ

During the CQ During the CQ During the CQ End of CQ

Onset of ArGI Arreaches LCFS Ὦcontraction Ὦcontraction

Steep Ὦgradient Onset of TQ Hot-tail seed established End of TQ & onset of CQ

During the CQ During the CQ During the CQ End of CQ






























